A Lean Premixed Prevaporized (LPP) low-emission combustor which is applied with the combustion technology of staged lean fuel is developed. To study the cold flow dynamics and the combustion performance of the LPP combustor, both experimental tests using the Particle Image Velocimetry (PIV) to quantify the flow dynamics and numerical simulation using the Fluent software are conducted respectively. To investigate the emissions of the LPP combustor, four kinds of inlet conditions (viz. 7%, 30%, 85% and 100% F ∞ (Thrust Force)) were conducted using numerical simulation. Numerical results are in good agreement with the experimental data. Results show that:1) a Primary recirculation zone (PRZ), a Corner recirculation zone (CRZ) and a Lip recirculation zone (LRZ) exist in the LPP combustor, and the velocity gradients between pilot swirling flow and primary swirling flow have contributed to the exchanges of mass, momentum and energy. 2) With the decrease of thrust force, NO mass fraction, CO2 mass fraction and total pressure losses at the exit of LPP combustor fall gradually. 3) Thermal NO formation rate closely relate to the zone area where gas temperature overruns 1900K and the maximum temperature in LPP combustor. 4) The combustion performance of the LPP combustor proposed in this paper is very well, and through comparative analysis with four kins of typical gas tubine combustor, the NO emission is very low and is equivalent to the CAEP6 43.87%.
INTRODUCTION
As burning fossil fuel, combustion in aircraft engines produce emissions too. A significant proportion of emissions from a jet engine is emitted at a relatively high altitude. These emissions give rise to important environmental concerns regarding their global impact and their effect on local air quality at ground level (Steven et al. 2010) . Typically, these emissions include oxides of nitrogen (NOx), carbon monoxide (CO) and unburned hydrocarbons (UHC). Some are classified as hazardous air pollutants (HAPs), and particulate matter (PM) are of concern in the vicinity of airports. NOX, CO, and UHC emissions from an aircraft and other ground-based sources lead to local and regional production of ozone in photochemical smog reactions while secondary PM precursor gases (NOx, SOx, and UHC) can also react in the atmosphere to form PM. Airborne PM in turn can cause respiratory illnesses and aggravate cardiovascular disease; in addition sulfur also causes acid rain that damages infrastructure. Hence, it is highly desirable to control these emissions through a novel system and components design.
Standards limiting the emissions of smoke, unburned hydrocarbons (UHC), carbon monoxide (CO) and oxides of nitrogen (NOx) about aero-engine combustors are contained in Annex 16 Volume II to the Committee on Aviation Environment Protection (CAEP) of International Civil Aviation (ICAO). NOx stringency has subsequently been adopted by CAEP4, CAEP6, CAEP8 in 2004 , 2008 In order to reduce the pollutant emissions, multiple countries have launched a variety of high efficiency and low emissions combustor development program, and many approaches were considered, including rich burn-quick mix-lean burn (RQL) combustor (Rizk et al. 1926; Randal et al. 2007) , lean premixed prevaporized (LPP) combustor (Lefebvre 1998 , Mularz 1979 , lean direct injection (LDI) combustor (Fu et al. 2007 , Yi et al. 2009 , and so on. In the development of these low emission combustors, the emission performance of aero-engine combustors is directly related to the flow dynamics, the fuel spray characteristics and the fuel/air mixing in the combustion zone of combustor.
Aerodynamic characteristics of the non-reacting, swirling flow field in a lean direct injection (LDI) combustor were investigated by using Particle Image Velocimetry (PIV) (Fu et al. 2007 ) and computational fluid dynamics (CFD) code (Teo et al. 2001) respectively. The turbulent flow and flame dynamics within a lean direct fuel injection (LDI) multi-swirler gas turbine combustor were studied by using laser Doppler velocimetry (LDV), particle imaging velocimetry (PIV) and large eddy simulation (LES) (Fureby et al. 2007 ) . The flow structure in a Rich burn, Quick quench, Lean burn (RQL) combustor were observed by PIV (Endo et al. 2012) and both PIV and a hybrid LES/RANS (Jakirlic et al. 2009 ).
Lean Premixed Prevaporized (LPP) combustors offer one of the best methods to meet the goals of reducing NOx emissions. Instantaneous vortex and shear layer vortex shedding in a LPP combustor were studied by using PIV, and both non-reacting and reacting conditions were investigated to assess the effects of a flame on the flow (Sulabh et al. 2008 , Jacob et al. 2014 . The structural characteristics in a lean premixed swirl-stabilized combustor, including the formation of recirculation zones and vortex interaction on the combustion instability, were experimentally investigated by using PIV and PLIF measurements (Min-Ki et al. 2013 , Isaac et al. 2012 , Stopper et al. 2010 .
In this paper, a single-section combustor which is used with the combustion technology of staged lean fuel is proposed first. Then, the flow field characteristics and combustion performance of the LPP combustor are experimentally and numerically investigated. The simulations yield a consistency with the experimental data, which provides a better understanding of the flow characteristics and combustion performance in the LPP combustor.
RESEARCH OBJECT
Emissions of NOX, UHC, and CO from an aircraft are formed in the combustors and generally fall into two classes: those formed due to high flame temperature and that due to low flame temperature, the hot spots will increase NOX emissions while the cold spots tend to increase CO and UHC emissions. In this study, in order to reduce NOx emission, a Lean Premixed Prevaporized (LPP) combustor which is applied the combustion technology of staged lean fuel is proposed firstly (as shown in Fig.1, Fig.2 and Fig.3 ). The LPP combustor produces two co-annular swirling jets by pilot and primary swirler respectively. The pilot swirler includes an annular pilot housing with a hollow interior, a pilot fuel nozzle mounted in the housing adapted for dispensing droplets of fuel to the hollow interior of the pilot housing, and a double of concentrically mounted axial swirlers positioned upstream from the pilot fuel nozzle. Each of the axial swirlers has a plurality of vanes for swirling air. Swirling air then mixes with fuel from the pilot fuel nozzle. The Pilot swirler facilitate to produce a spray quality suitable for starting and low-power operation along with the flow field characteristics appropriate for meeting the design requirements for ignition, starting, lean flame stability, combustion efficiency, etc. The primary swirler includes a main housing defined as annular cavity surrounding the pilot housing, multipoint lean direct injection ports for introducing fuel into the cavity, and a swirler positioned upstream from the multipoint fuel injection ports having a plurality of vanes for swirling air through the swirler to mix air and the droplets from the multipoint fuel injection ports. All of the combustor air except cooling air required for the dome and liners passes through the pilot and primary swirler, therefore more than 60 percent air flows into the flame tube via the pilot swirler and the primary swirler. The diffusion combustion mode is applied by the pilot swirling, therefore, the stable combustion flame can be provided for any conditions and forms a stable ignition source. The premixed pre-evaporation combustion mode is used for the primary swirling, it can decrease the flame temperature and avoid the hot spots, and therefore, the NOx emission can be reduced. These separated zones of pilot and primary swirlers allow staging for high power and low power duty to be achieved in order to optimize the combustion process.
In order to study the cold flow fields and the combustion performance in the LPP combustor, experimental and numerical studies are used respectively. Firstly the cold velocity profiles of different cross sections and a longitudinal section cutting through the center of the combustor (Z=0) are obtained by PIV and numerical simulation separately (The cross plane (X=0) is located at the exit of the LPP combustor head. The origin is located at the center of swirler outlet), the cold flow dynamics of the LPP combustor are revealed. In order to verify the numerical simulation accuracy of the combustion performance, then the emissions of a specific condition are measured via an infrared contiuous gas analyzer (Siemens U23, Germany) and numerically simulated separately, the numerical and experimental results are compared. Finally, the combustion performance are investigated for different conditions simultaneously by the numerical simulation, and the EINO of the LPP combustor is obtained. 
EXPERIMENTAL METHOD
A sketch about the experimental setup for studying the LPP combustor is shown in Fig.4 . The experimental setup includes inlet section, test section, and measuring section of PIV (a multipoint measurement rake is applied for the combustion performance experiment). The compressed air flows through the LPP combustor and the exhaust pipe, then be discharged into the atmosphere. For the cold flow PIV test, the inlet total temperature is 300K, the total pressure is 111458Pa, and the air flow is 0.148kg/s which is metered by an orifice flow meter. For unreactive cold flow experiment, the LPP flame tube is made of quartz glass without cooling holes, and there is an observation window which is put at the end of the measuring section, which is convenient to the PIV measurement; for the combustion performance experiment, the flame tube is made of superalloy with cooling holes.
In order to study the flow dynamics about the LPP combustor, a two-dimensional PIV system of TSI Inc. is used to record the images of the instantaneous velocity patterns, and the average flow field can be obtained by time-averaging algorithm. This PIV system includes a double-pulsed frequency-doubled Nd: YAG laser (200 mJ/pulse at 532 nm) which is used to illuminate the seeding particles, a data acquisition computer, a full resolution of 4 million pixels interline transfer digital CCD camera and a laser-camera synchronizer. The software of TSI Insight 6 is applied for the image acquisition and postprocessing. The tracing particle MgO is provided by a seeding generator with a size less than 8μm. Such size of the tracing particles ensures that the tracing characteristic and scattering area are optimal at the same time. During the experimental process, more than 250 pairs of instantaneous images can be obtained for every case, then the time-averaged velocity vectors can be gotten by the averaged method of these pairs of instantaneous images.
To verify the prediction accuracy of the numerical simulation for the emissions, the combustion performance experiment of the LPP combustor is conducted at equivalent 100% F ∞ based on velocity similarity criterion. The inlet total pressure is 2.7MPa, the inlet total temperature is 608K and the fuel air ratio is 0.0242.
To investigate the emissions of the LPP combustor, gas compositions are measured by multipoint measurement rake with water-cooled system. The sampling gas is transmitted to an infrared continuous gas analyzer (Siemens U23, Germany) via a pipe. The pipe is electrically heated to maintain a specific gas temperature based on the CAEP standard requirements.
NUMERICAL METHOD
In order to confirm the independence of the mesh, five kinds of mesh are used to calculate the cold flow The numerical simulations of the cold flow field and the combustion performance of the LPP combustor are achieved by using FLUENT software. Standard k-ε model is applied to simulate turbulent viscosity. The standard wall function is used to deal with the flow near wall region. For the reactive flow simulations, the non-premixed equilibrium chemical reaction model and the thermal NO model are applied. The outlet boundary condition is outflow, and inlet conditions of simulation are the same as the experiment settings. The pressure equation is discretized with two order accuracy. The momentum equation, the turbulent kinetic energy equation and the turbulent kinetic energy dissipation rate equation are discretized by using QUICK scheme, and the discrete equations are iterated by using SIMPLE algorithm. For the cold flow simulation, the inlet parameters are the same as the PIV test conditions. And Table 1 shows the inlet conditions for the different combustion performance simulations. When a relative error of flow is less than 5% and all iterative residuals are less than 1.0×10 -3 , the numerical results are considered to be convergent in this paper.
RESULTS AND DISCUSSIONS

Cold Flow Filed Results
Fig . 6 and Fig. 7 show the cold flow field in the LPP combustor by numerical simulation. Fig. 6 is the velocity vector distribution at central plane (Z=0). It can be seen that the airflow flows into combustor through pilot swirler, primary swirler and mini cooling holes at the inlets of LPP combustor head. The primary and the pilot swirling jets are coannular, but the swirling directions are opposite. Therefore the two co-annular swirling jets can interact with each other, during the moving and interacting process, the two co-annular swirling jets gradually become an annular swirling jet. As shown in Fig. 9 and Fig. 10 , there are axial velocity, vertical velocity and horizontal velocity for these swirling jets at the same time, the swirling jet will gradually expand during the moving and interacting process. Due to air viscosity, the swirling jets will take the air of central zone away, this can lead to the decrease of the pressure at central zone, then the large radial pressure gradient is formed by the swirling flow. So the Primary Recirculation Zone (PRZ) will be formed because of the low pressure central zone. The PRZ is very important for the flame stabilization. Firstly, the downstream combustion products move forward, at the same time, the heat is also taken to recirculation zone, therefore, it provides a hot zone. The hot gas can accelerate the fuel atomization and ignite the combustible mixed gas, so the recirculated hot gas can act as a stable ignition source. Secondly, between the recirculation zone and the swirling jet, there is always a reduced velocity region where flow velocity can match the flame speed. Because of the three dimensional structure of swirling jet, the width of PRZ increases with the increase of axial distance firstly, when the width of PRZ reaches a maximum value, then the width of PRZ starts to decrease, finally the PRZ disappears. Because of the sudden expansion in the vicinity of the flame tube head, a Corner Recirculation Zone (CRZ) is provoked, as shown in Fig.6 . In addition, there is a smaller Lip Recirculation Zone (LRZ) near the lip of the mixer. This LRZ slows down pilot swirling jet before it shows that the speed magnitude of primary swirling increases. It can contribute to avoid the presence of flame flash back at the exit of primary swirler. Fig.7 (c) shows that there are two co-annular swirling jets which are produced by the pilot swirler and the primary swirler respectively, and the two co-annular swirling jets mixes with each other. Because the air flow rate of the primary swirling jet is much larger than that of the pilot swirling jet, the momentum of the primary swirling jet is far bigger than that of the pilot swirling jet. Therefore, the rotating direction of the pilot swirling jet is finally turned into the rotating direction of the primary swirling jet, during the moving process, the swirling intensity is obviously weakened because of the interaction of the two coannular swirling jets. Due to the outspread of the annular swirling jet in the radial direction, the width of the PRZ increases gradually but the velocity magnitude decreases with the increase in the axial distance away from the swirler outlet (e.g. from 10mm to20mm), as shown in Fig.7 (c) and Fig.7 (d) . Fig. 6 and Fig. 7 show that there are exchanges of mass, momentum and energy between pilot swirling and primary swirling due to velocity gradient between these two swirling jets. Fig.8 shows the partial enlarged plot of velocity streamline at the central section (Z=0) from numerical simulation and experiment respectively. Because of the size of the optical window, the starting position for the PIV measurement is 12.5 mm away from the outlet of the swirler. Therefore the LRZ between the pilot swirler and the primary swirler cannot been caught by the PIV. Through the comparative analysis, the experimental results verified the prediction accuracy of the numerical simulation for the cold flow field. Fig.9 and Fig.10 show the quantitative analysis of the numerical and experimental results, the swirling jet enters into combustor from the swirlers and expands outward. Therefore, the width of the PRZ increases with the increase in axial distance, and the width of the central PRZ reaches maximum when the axial distance is near to 90mm, then the width of the PRZ decreases. Fig.9 is the radial distribution of the axial velocity at different axial position. It shows that two co-annular swirling jets ejecting from the primary swirler and the pilot swirler has merged into just one swirling jet when the axial distance is over 20mm (as shows in the Fig.7(d) ). There are two peaks whose radial positions are around -30mm and 30mm respectively when axial position is 20mm. The two peaks are symmetrical with the center line. When the axial distance increases, the swirling jet spreads outside. The width of PRZ increases firstly, and it causes the radial positions of two peaks spreading outward continuously. During the spreading process, the intensity of swirling weakens gradually. Therefore the value of peak decreases. Combing with Fig.8 , when the swirling jet gets close to the wall of the combustor, the width of PRZ reaches the maximum. When the axial distance further increases, the width of PRZ decreases gradually until it disappears. It also can be seen that, as the increase of the axial distance, the swirling intensity is weakened, and the radial velocity is decreased, but the radial distributions of velocities are becoming relatively uniform. Through a quantitative analysis, it shows that the numerical results are in good agreement with PIV measurements. Fig.10 shows the radial distribution of radial velocity at different axial positions. The swirling jet spreads outside, therefore there are one positive radial velocity peak when the radial position Y is above zero and one negative radial velocity peak when the radial position Y is under zero. As the axial distance increases, the position of radial velocity peak increases, but the magnitude of peak decreases. However, the radial distributions of radial velocities become relatively uniform.
Through a quantitative analysis, the numerical results are also in good agreement with PIV measurements. It shows that the turbulent model and numerical simulation methods can be used to simulate the cold flow field of the LPP combustor.
Combustion Performance Results
Based on the above cold flow dynamics analysis, then the combustion preformance of the LPP combustor is predicted by the FLUENT. In order to calculate the emissions, the CAEP standard specifies a Landing and Take-off (LTO) cycle, including Takeoff, Climb, Landing and Idling, they correspond to 100% of total thrust (100% F ∞ ), 85% of total thrust (85% F ∞ ), 30% of total thrust (30% F ∞ ) and 7% of total thrust (7% F ∞ ) respectively, and the corresponding time is 0.7min, 2.2 min, 4.0min and 26min. Four different inlet conditions (viz. 7%, 30%, 85% and 100% F ∞ ) are shown in Table 1 . Therefore, these four inlet cases are simulated by the numerical methods, the combustion performance is obtained, such as the temperature distribution, NOX formation rate, and so on, then, the exit emissions of the LPP combustor can be calculated, finally, the emission index (EI) for the LTO cycle can be gotten based on the calculation formula of CAEP standard. Fig.11 shows the contours of temperature at Z=0 plane for the 100% F ∞ . Diffusion combustion mode is applied for the pilot swirling, which leads to higher local fuel concentration, accordingly higher temperature zoon is generated at the outlet of the pilot swirlers. This will contribute to the formation of a stable high temperature ignition source within the flame tube. Multipoint lean direct injectors are used for the primary swirler, meanwhile, the fuel has been completely evaporated and mixed with the primary swirling during the cavity of the primary swiler, therefore, this will lead to the formation of the premixed pre-evaporation combustion mode. So the temperature filed at the outlet of the primary swirler is relative lower and more uniform, it also can be called the detached flame which is stable at a certain distance from the primary swirler outlet, therefore, it is different the diffusion mode at the outlet of the pilot swirler.
NOx formation rate for 100% F ∞ is shown in Fig.12 . In gas turbine combustor, nitric oxide (NO) is formed from atmospheric molecular nitrogen (N2) through three distinct chemical pathways: thermal NO, prompt NO and the N2O mechanism. For the LPP combustor, the thermal NO mechanism, also referred to as the Zel'dovich mechanism, is the primary formation pathway. Therefore, the high temperature zone size and the maximum temperature determine the thermal NO formation rate. Combining Fig.11 and Fig.12 , it is founded that the NOx formation rate corresponds to the temperature distribution. This is because thermal NO formation rate exponentially increase with temperature. When the temperature exceeds 1900K, the thermal NO will generate. As discussed above, diffusion combustion leads to higher temperature more than the premixed preevaporation combustion, therefore, the NO formation mainly appear behind the pilot swirler, on the contrary, the NO formation rate is very low behind the primary swirler. To further reduce the NO formation, it is necessary to improve the combustion process behind the pilot swirler.
Figures 13~15 show the temperature distribution at Z=0 plane for different conditions (85% F ∞ , 30% F ∞ and 7% F ∞ respectively). The high temperature zoon basically concentrate behind the pilot swirler. With the decrease of the inlet temperature, pressure and FAR, the maximum of the temperature decreases and the high temperature area also reduces. Table 2 shows the exit average combustion performance at different cases. With the decrease of the inlet pressure, temperature and FAR, the mass fraction of CO2, EINOx and the total pressure loss is on the decrease, while O2 mass fraction is on the increase. This is because the fuel air ratio decreases, the air involved in combustion is less, so CO2 mass fraction decreases, and O2 mass fraction increases. The lower inlet temperature and lower fuel air ratio result in lower temperature and temperature rise, so the thermal NO formation rate is lower. In addition, lower temperature and flow velocity decrease the flow resistance loss and heat resistance loss, separately, so the pressure loss coefficient is on the decrease. Table 3 shows NO emission for different combustors applied in several typical aero-engines. The four aero-engines have essentially the same pressure ratio. The combustor of CFM56 is typical traditional rich fuel single annular combustor (SAC), the combustor of GE90 is typical dual annular combustor (DAC) and the combustor of GEnx is typical twin annular premixing swirler (TAPS) combustor. Table 3 shows that the NO emission of the LPP combustor proposed in this paper is very low compared to other combustors. Its NO emission is lower than CFM56 and GE90, but is slightly higher than GEnx. And the EINO emission of the LPP combustor is equivalent to the CAEP6 standard 43.87%. In summary, the LPP combustor proposed in this paper can greatly reduce the NO emission under the condition of ensuring the other combustion performance. In order to verify the simulation accuracy of the combustion model and thermo NO model, experimental investigation and numerical simulation are conducted under the same inlet conditions. Table  4 shows the comparison results, including the outlet average temperature, EINO and total pressure loss. Results show that the experimental results are in good agreement with the numerical results. Therefore, the combustion model and thermo NO model can be used to predict the combustion performance of the LPP combustor.
CONCLUSIONS
A LPP Combustor with a staged lean combustion technology was proposed firstly, then the cold flow dynamics and the combustion performance of the LPP combustor are investigated by using experimental and numerical methods. The main results can be summarized as follows: 1. Primary recirculation zone (PRZ), corner recirculation zone (CRZ) and lip recirculation zone (LRZ) are obviously revealed in the cold flow fields of the LPP combustor. The two coannular swirling jets produced by the pilot and primary swirler respectively interact with each other, therefore, a large radial pressure gradient near the primary swirler exit is generated.
2. The velocity gradients, which are caused by the pilot swirling flow and primary swirling flow, can be clearly observed in the LPP Combustor. The velocity gradients benefit the exchange of mass, momentum and energy between pilot swirling flow and primary swirling flow, and also contribute to the atomization of the fuel and the heat transfer when burning.
3. High temperature zone is formed at the outlet of the pilot swirler because the diffusion combustion mode is applied. This is necessary to form a stable ignite source, but it will promote NO emission.
4. Benefited from multipoint lean direct injectors and well organized flow dynamics, lean, premixed and prevaporized combustion mode is conducted behind the primary swirler. It can leads to a uniform and relative lower temperature filed compared to the traditional diffusion combustion, and this will contribute to lower NO emission.
5. Through comparative analysis with several typical combustor, the NO emission of the LPP combustor is equivalent to the CAEP6 standard 43.87% under the condition of ensuring the other combustion performance .
